In the present study, we cloned full-length cDNAs for epidermal growth factor (EGF), EGF receptor (EGFR), and three truncated forms of EGFR (EGFR15, 12, and 8) from the zebrafish ovary. Zebrafish EGF was predominantly expressed in the ovary and testis, while EGFR and its truncated forms were highly expressed in all tissues examined except the liver. In the ovary, the expression of EGF seemed to be more abundant in the follicles of early stages, while EGFR had much higher expression levels at later stages. Interestingly, although EGF was expressed in both the follicle cells and oocytes, its expression level was significantly higher in the oocytes. However, the expression of EGFR was mainly restricted to the follicle cells with little expression in the oocytes. The unique spatial patterns of EGF and EGFR expression within the follicle suggest that EGF may serve as a messenger from the oocyte to signal the follicle cells. EGF strongly stimulated the expression of both activin ␤A and ␤B, while it suppressed basal and hCG-induced follistatin expression in cultured follicle cells. These results, together with the evidence that EGF was predominantly expressed in the oocytes whereas EGFR was expressed in the follicle cells, strongly suggest that EGF is likely a potential paracrine/juxtacrine factor from the oocytes to regulate the function of the follicle cells.
INTRODUCTION
The vertebrate ovary is an extremely dynamic organ, the development and function of which are mainly controlled by gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) from the pituitary [1] . However, evidence has been increasing in recent years that various growth factors produced locally in the ovary play important roles in mediating or modulating gonadotropin actions. One of the extensively studied growth factors is epidermal growth factor (EGF) [2] .
EGF was first identified in the submaxillary gland of the mouse [3] . Unlike most other growth factors, mature EGF (53 amino acids) is released from a large precursor anchored in the plasma membrane [4, 5] . EGF acts by binding to a specific EGF receptor (EGFR) on the cell surface with high affinity [6] . EGFR is a glycosylated transmembrane protein with a molecular mass of 170 kDa, which represents the prototype of the receptor tyrosine kinase family [7] . The binding of EGFR by EGF activates its intrinsic receptor tyrosine kinase and rapidly elicits the downstream signaling cascades [8] . Interestingly, transforming growth factor ␣ (TGF␣), which shares only about 30% structural homology with EGF, also signals via EGFR with binding affinity similar to that for EGF [9] .
EGF plays important roles in cell proliferation and differentiation in a variety of tissues, including the ovary. As a local paracrine/autocrine regulator, EGF production has been demonstrated in the ovarian follicles of both mammals [10] [11] [12] and birds [13] . In mammals, EGF stimulates DNA synthesis [14, 15] and granulosa cell proliferation [16] in the ovarian follicles. It also modulates ovarian steroidogenesis and granulosa cell differentiation by increasing progesterone production and inhibiting FSH-induced biosynthesis of estradiol and receptors of FSH and LH in cultured granulosa cells [17] [18] [19] [20] [21] [22] [23] . In addition, EGF enhances oocyte maturation in several mammalian species [24] [25] [26] . In the chicken, EGF stimulates granulosa and theca-interstitial cell proliferation and inhibits LH-stimulated estradiol and progesterone production [27] [28] [29] [30] . In nonmammalian vertebrates, particularly lower vertebrates, studies on EGF and its roles in the ovary are rather limited, partly because the molecule has not been cloned in any nonmammalian species. In fish ovary, EGF may play roles in controlling follicle survival and steroidogenesis as well as DNA synthesis in the vitellogenic follicles [31] [32] [33] [34] .
Recently, we have demonstrated that EGF and TGF␣ are equipotent in increasing the rate of zebrafish oocyte maturation and their effects are likely mediated by activin [35] , another important growth factor expressed in the ovary of all major vertebrate groups, including mammals, birds, and fish [36] [37] [38] [39] [40] [41] . Activin is a member of the transforming growth factor ␤ (TGF␤) superfamily, and it is a homo-or heterodimer consisting of two distinct but related ␤ subunits, ␤A and ␤B [42] . Lines of evidence suggest that activin is extensively involved in follicular growth, granulosa cell differentiation, oocyte maturation, and steroidogenesis in vertebrate ovaries [36, 37, [43] [44] [45] . The activities of activin are modulated by follistatin, a specific activin-binding protein that neutralizes the biological effects of activin [46, 47] . In contrast with EGF, activin stimulates FSH receptor biosynthesis in the ovary [48] and enhances FSH-induced aromatase and LH receptor expression [49] [50] [51] .
Because EGF and activin are both important components of the local regulatory network in the ovary, it is of great interest to understand the relationship between EGF and activin/follistatin systems. The present study was therefore undertaken to clone zebrafish EGF and EGFR in the ovary and characterize their spatiotemporal patterns of expression during follicle and ovarian development. Using a primary culture of zebrafish ovarian follicle cells, we further evaluated the effects of recombinant human EGF on the expression of activin ␤A and ␤B subunits as well as follistatin. Because our previous studies demonstrated that pituitary gonadotropin(s) has (have) profound effects on the differential expression of activin ␤A, ␤B, and follistatin in the zebrafish ovary [52] [53] [54] , we also analyzed the interaction between EGF and gonadotropin on the expression of activin subunits and follistatin.
MATERIALS AND METHODS

Chemicals
All chemicals were obtained from Sigma (St. Louis, MO) and restriction enzymes were from Promega (Madison, WI) unless otherwise stated. Human chorionic gonadotropin (hCG) was purchased from Sigma, and recombinant human EGF was obtained from Promega. EGF and hCG were first dissolved in water and then diluted to the desired concentrations with the medium before use.
Animals
Zebrafish, Danio rerio, were purchased from local pet stores and maintained in flow-through aquaria (36 L) at 25ЊC on a 14L:10D photoperiod. The fish were fed twice a day with commercial tropical fish food with supplement of live brine shrimp once or twice a week. All experiments were performed under license from the Government of the Hong Kong SAR and endorsed by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong.
Cloning and Sequencing of Full-Length cDNAs for Zebrafish EGF and EGFR
Eight pairs of degenerate primers (sequences not shown) were designed based on the conserved regions of EGF precursors from human [5] , rat [55] , and mouse [4] . A cDNA fragment of ϳ1500 base pairs (bp) was amplified from the zebrafish ovary by reverse transcription-polymerase chain reaction (RT-PCR) with the primers that code for the amino acid sequences EDVNEC and CQCLKG, respectively. The fragment was then cloned into pBluescript II KS (ϩ) (Stratagene, La Jolla, CA) through T/ A cloning for sequencing. Based on the sequence of the cloned cDNA fragment, gene-specific primers were designed for 5Ј-RACE (rapid amplification of cDNA ends) to amplify the 5Ј-region of the cDNA using the SMART-RACE cDNA Amplification Kit (Clontech, Palo Alto, CA). The amplified 5Ј-cDNA fragments were cloned into pBluescript II KS (ϩ) through T/A cloning and then sequenced. New primers were then designed near the 5Ј-end of the 5Ј-RACE product and used to amplify the fulllength cDNA using 3Ј-RACE. Sequencing of the full-length cDNA was performed on a series of overlapping subclones generated by exonuclease III and mung bean nuclease deletion. Both strands of the cDNA were sequenced using the dRhodamine Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster City, CA) followed by analysis on the ABI PRISM 3100 Genetic Analyzer (Perkin-Elmer).
The full-length cDNA of EGFR was also cloned from the zebrafish ovary with similar strategy and then was sequenced, but the primers used were designed based on a cDNA fragment (fk96gll.y1) from Washington University's GSC zebrafish EST database.
Primary Follicle Cell Culture
The primary culture of zebrafish ovarian follicle cells was performed according to our previous report [54] . Briefly, the follicles from about 20 female zebrafish were isolated and washed with Medium 199 (Gibco Invitrogen, Carlsbad, CA). The follicles were then cultured in Medium 199 supplemented with 10% fetal calf serum (Hyclone, Logan, UT) at 28ЊC in 5% CO 2 for 6 days for the follicle cells to proliferate. The proliferated follicle cells were harvested by trypsinization and plated in 24-well plates for 24 h before treatments.
Total RNA Isolation
Total RNA was isolated from various tissues, ovarian follicles, and cultured follicle cells with Tri Reagent (Molecular Research Center, Cincinnati, OH) according to the protocol of the manufacturer and our previous report [53] . The isolation of RNA from the follicle layers and oocytes was performed according to the protocol we described previously [41] .
Northern Blot Hybridization
Northern blot hybridization was performed according to our previous report [56] . Total RNA (20 g) from various tissues or isolated ovarian follicles at different stages (previtellogenic, early vitellogenic, midvitellognenic, and full-grown immature follicles) was electrophoresed in a 1.1% denaturing agarose gel containing 2.2 M formaldehyde, transferred to positively charged nylon membrane (Roche Applied Science, Mannheim, Germany) and ultraviolet (UV) cross-linked using the GS Gene Linker (Bio-Rad, Hercules, CA). The blots were hybridized with digoxigenin-labeled antisense RNA probes prepared from the cloned cDNA fragments of EGF (304 bp, 1118-1422) and EGFR (462 bp, 1770-2232) by in vitro transcription and detected with the Chemiluminescent Detection Kit according to manufacturer's instruction (Roche Applied Science).
Validation of Semiquantitative RT-PCR Assays for Zebrafish EGF and EGFR
Single-stranded cDNA was synthesized at 42ЊC for 2 h in a total volume of 10 l consisting of 3 g total RNA, 1ϫ Single Strand Buffer (Gibco Invitrogen), 10 mM dithiothreitol, 0.5 mM each dNTP, 0.5 g oligo-dT, and 100 U SuperScript II (Gibco Invitrogen). To optimize the cycle number used for semiquantitative PCR analysis for each gene, the RT product (0.6 l) from the cultured follicle cells or isolated ovarian follicles was used as the template for PCR amplification. The primers used for EGF, EGFR, activin ␤A, activin ␤B, follistatin, and ␤-actin are listed in Table 1 . PCR was carried out in a volume of 30 l (1ϫ PCR buffer, 0.2 mM each dNTP, 2.5 mM MgCl 2 , 0.2 M each primer, 0.6 U of Taq polymerase) on the Thermal Cycler 9600 (Eppendorf, Hamburg, Germany) for various cycles with the profile of 30 sec at 94ЊC, 30 sec at 62ЊC for EGF and EGFR, and 60 sec at 72ЊC. The PCR products from different cycles of amplification were visualized on a UV-transilluminator after electrophoresis on 1.8% agarose gel containing ethidium bromide, and the signal intensity was quantitated with the Gel-Doc 1000 system and Molecular Analyst Software (Bio-Rad). The cycle numbers that generate halfmaximal amplification were used for subsequent semiquantitative analysis of gene expression, and they are 28 cycles for EGF and 25 cycles for EGFR. The identity of PCR products was confirmed by cloning the PCR products into pBluescript II KS (ϩ) and sequencing. To further validate the semiquantitative RT-PCR assays, PCR amplification (30 l) was performed on 3 l of serially diluted plasmids containing EGF or EGFR cDNA to evaluate the correlation between the input of template and the output of PCR amplification. The semiquantitative RT-PCR assays for activin ␤A, ␤B, follistatin, and ␤-actin had been optimized in our previous studies [52, 53] .
Data Analysis
The mRNA level of each gene was first calculated as the ratio to that of ␤-actin, which was amplified as the internal control, and then expressed as the percentage of the control group. The data were analyzed by oneway analysis of variance followed by Dunnett test using GraphPad Prism 4.0 for Macintosh OS X (GraphPad Software, San Diego, CA). We performed all the experiments at least twice to confirm the results using different batches of animals.
RESULTS
Cloning and Sequence Characterization of Zebrafish EGF
A full-length cDNA coding for the precursor of EGF was cloned from the zebrafish ovary by 5Ј-and 3Ј-RACE after cloning a cDNA fragment with degenerate primers. The zebrafish EGF cDNA is 3662 bp in length, with a potential polyadenylation site (ATTAAA) 23 bp upstream of the poly(A) tail. The deduced EGF precursor contains 1114 amino acid residues (AY332224), which shares about 41% sequence homology with that of humans [5] , rats [55] , and mice [4] (Fig. 1) . The protein can be divided into three regions based on hydropathy analysis: a long N-terminal extracellular region (966 amino acids), a membrane-span- ning hydrophobic domain (21 amino acids), and a short Cterminal cytoplasmic tail (127 amino acids). The extracellular region contains seven EGF-like motifs in addition to the mature EGF domain, which is typical of EGF precursor, and they share different degrees of homology (29-66%) with the corresponding mammalian counterparts [4, 5, 55] .
The number and locations of cysteine residues critical for the formation of intramolecular disulfide bonds in each EGF-like motif are strictly conserved between zebrafish and mammals. The mature EGF peptide (53 amino acids) is located near the transmembrane domain, and it shares significant homology with EGF from humans (60%), rats (53%), and mice (55%) [4, 5, 55] . The transmembrane domain is rich in hydrophobic amino acids, typical of membrane-anchored proteins. Compared with the extracellular region, the cytoplasmic tail of EGF precursor shows little homology between zebrafish and mammals ( Fig. 1) . What is intriguing about the cloned zebrafish EGF precursor is lack of a hydrophobic N-terminus that may serve as the signal peptide, resulting in the slightly shorter N-terminus compared with mammalian molecules. Because the 5Ј-untranslated region contains multiple stop codons in all three reading frames, it seems unlikely that the cDNA clone isolated was not complete. We have performed several independent 5Ј-RACEs and all produced the same sequence (data not shown).
Cloning and Characterization of Zebrafish EGFR and Its Truncated Forms
We also cloned zebrafish EGFR from the ovary using a similar approach. The full-length zebrafish EGFR cDNA is 4042 bp in length and codes for 1191 amino acids (AY332223). Zebrafish EGFR shares high homology (ϳ63%) with EGFR of humans [57] , rats [58] , mice [59] , and chickens [60] , with all the important functional domains well conserved. The receptor can also be divided into three regions based on hydropathy analysis: an N-terminal extracellular region (644 amino acids) for ligand-binding, a single hydrophobic transmembrane domain (23 amino acids), and a long cytoplasmic region (524 amino acids). The extracellular region contains two putative ligand-binding domains (LBD). The intracellular region contains a highly conserved tyrosine kinase domain (257 amino acids) with ϳ92% homology across vertebrates (Fig. 2 ). While this manuscript was being prepared, Goishi et al. also published a cDNA sequence of zebrafish EGFR [61] . Comparison of the two sequences shows high identity with 18 nucleotide differences and 4 amino acid changes (data not shown). Because both studies used RACE to clone the cDNA, it remains unclear whether these discrepancies resulted from PCR amplification or they represent different isoforms of the receptor.
In addition to the full-length EGFR, we also isolated three cDNAs that code for truncated forms of EGFR. All these truncated forms of EGFR encode the extracellular EGF-binding region. Comparison with the genomic structure of the mammalian EGFR gene suggests that the three truncated forms of zebrafish EGFR are likely generated through differential splicing of mRNA transcript, containing the first 15, 12, and 8 exons, respectively, and they are therefore named EGFR15, EGFR12, and EGFR8 in the present study. EGFR15, 12, and 8 exhibit identical nucleotide and amino acid sequences with the full-length EGFR (or EGFR28) at the 5Ј-end or N-terminus; however, each truncated form has a novel nucleotide sequence at the 3Ј-end, which is likely the alternative exon spliced from the intron 15, 12, or 8. EGFR12 and 8 carry a unique C-terminal sequence of 6 and 56 amino acids, respectively, resulting from the extension of translation into their unique 3Ј regions (Fig. 2) . All three truncated forms of EGFR contain one or more consensus polyadenylation sites (AATAAA) upstream of their poly(A) tails (data not shown).
Tissue Distribution of EGF and EGFR Expression
In mammals, EGF is predominantly expressed in the submaxillary gland of the male mouse and kidney of both sexes, while the gonads have much lower transcriptional levels [62, 63] . Due to the lack of sequence information, the distribution of EGF in most vertebrate groups remains largely unknown. In this experiment, we examined EGF expression in different zebrafish tissues using RT-PCR. When PCR was performed for 33 cycles, the expression of EGF could be demonstrated in all tissues examined, including the brain, gill, intestine, kidney, liver, muscle, ovary, and testis. In contrast with the spatial expression pattern reported in mammals, the strongest expression of zebrafish EGF was detected in the ovary, testis, and liver, while the gill and intestine generated the weakest signal (Fig. 3) . As the control, the RNA samples without RT produced no signal for all tissues tested. PCR performed at lower cycle number (28 cycles) further confirmed the strongest amplification signal in the ovary, testis, and liver, while no or very weak signal was detected in other tissues. We used ␤-actin as an internal control for RNA loading and RT efficiency, and it did not show significant variation among the tissues investigated.
In comparison with EGF, EGFR exhibited more ubiquitous expression in the tissues investigated except the liver, which showed a relatively low expression level of EGFR in contrast with its high expression level of EGF. We used both Northern blot analysis and RT-PCR to examine the expression of EGFR in different tissues to ensure that the RT-PCR assay was reliable. The PCR results using primers that only amplify the full-length receptor were consistent with those demonstrated by Northern blot analysis, which revealed one major mRNA species with one or two minor ones. Interestingly, similar spatial patterns of expression were also demonstrated for the truncated forms of EGFR (EGFR15, 12, and 8), which were detected with primers ( Table 1 ) that specifically amplify each isoform (Fig. 3) .
Temporal Expression Profiles of EGF and EGFR in the Ovary During Sexual Maturation
Because EGF is abundantly expressed in the ovary, we further examined the expression profiles of EGF and EGFR in the zebrafish ovary during ovarian development. The experiments started with sexually immature young zebrafish. Because the exact age of the fish was not known, the time of the first sampling was designated Day 0. The ovaries were collected from 12 female zebrafish each time on Days 0, 3, 6, and 10. One ovary from each fish was fixed in Bouin solution for histological examination, and the other one was used for RNA extraction. The semiquantitative RT-PCR assays for EGF and EGFR expression were validated as described in the Materials and Methods (Fig. 4) . Histological analysis showed that, on Day 0, all ovaries collected had oocytes at primary growth stage (PG) only. On Day 3, some oocytes had started to accumulate cortical vesicles, representing the first cohort of follicles entering vitellogenesis; however, no oocyte contained yolk granules (previtellogenic stage, PV). On Day 6, these growing oocytes had accumulated substantial amounts of yolk granules (midvitellogenic stage, MV), and they became nearly fullgrown on Day 10 (late vitellogenic stage, LV) (histological data not shown). During this 10-day period of ovarian development, the expression of EGF in the whole ovary showed a slight decline, with the highest level detected on Days 0 and 3 and the lowest on Day 10 (Fig. 5A ). In contrast with EGF, EGFR expression was very low at early stages, but it dramatically increased during the ovarian de- velopment with the highest level reached on Day 6, when the first wave of follicles was at the midvitellogenic stage (Fig. 5B) .
Stage-Dependent Expression of EGF and EGFR in the Ovarian Follicles from Sexually Mature Zebrafish
To investigate if the expression profiles of EGF and EGFR observed in the ovary during sexual maturation are related to the first wave of developing follicles, we further examined the relative levels of EGF and EGFR expression in the ovarian follicles of different developmental stages isolated from sexually mature zebrafish, including the previtellogenic (PV, ϳ0.25 mm in diameter), early vitellogenic (EV, ϳ0.35 mm), midvitellogenic (MV, ϳ0.45 mm), and full-grown immature follicles (FG, ϳ0.65 mm). Northern blot analysis demonstrated a significant change in EGF expression during follicle development. The highest expression of EGF was detected in the previtellogenic follicles, and the level decreased with follicle development (Fig. 6A) . To confirm the relative mRNA abundance of EGF in the developing follicles, we further analyzed its expression with semiquantitative RT-PCR. Consistent with Northern blot analysis, RT-PCR also revealed expression of EGF at all stages of follicle development; however, its expression level decreased with the advancement of follicle development from the previtellogenic to full-grown stage (Fig. 6B) . In contrast with EGF, the expression of EGFR showed an opposite trend of variation; it increased during the follicle development as demonstrated by both Northern hybridization and RT-PCR (Fig. 6, C and D) . The low expression level of EGFR detected at the full-grown stage by Northern analysis may be partly due to the low RNA loading.
Localization of EGF and EGFR Expression in the Follicle
Both EGF and EGFR were expressed in cultured zebrafish follicle cells (Fig. 7A) . However, analysis of their relative abundance of expression in the full-grown oocytes and the surrounding follicle layers showed that EGF and EGFR had distinct spatial patterns of expression within the follicle. EGF could be easily detected in both the isolated follicle layers and the oocytes; however, its expression level was significantly higher in the oocytes than that in the follicle layers (Fig. 7B) . In contrast, EGFR was highly expressed by the follicle layers, but its signal was barely detectable in the oocytes (Fig. 7C) .
Effects of Recombinant Human EGF on Basal and Gonadotropin-Regulated Expression of Zebrafish Activin Subunits and Follistatin in the Follicle Cells
Our previous studies have demonstrated that EGF and TGF␣ significantly enhance the final oocyte maturation in the zebrafish, and their effects are likely mediated by increasing activin activity in the follicles [35] . To further understand the functional relationship between EGF and activin system in the zebrafish ovary, we investigated the effects of human EGF on the expression of activin ␤A and ␤B subunits as well as follistatin in cultured zebrafish follicle cells.
EGF (20 nM) significantly stimulated basal activin ␤A and ␤B expression, but suppressed follistatin expression in a time-dependent manner. The effects reached peak levels at 2 h of the treatment, and longer treatment (4 and 8 h) led to reduced responses (Fig. 8) . When applied for 2 h in the presence or absence of hCG (5 IU/ml), EGF exhibited dose-dependent stimulatory effects on basal expression of both activin ␤A and ␤B, and its effect on activin ␤A was much more powerful than that of hCG (5 IU/ml) even at doses as low as 0.2-2 nM. When applied together, however, EGF and hCG did not exhibit evident additive effects on activin ␤A expression at any doses used (Fig. 9A) . As for activin ␤B, we have recently demonstrated that hCG and goldfish pituitary extract significantly suppress its expression in cultured zebrafish follicle cells [53] . In the presence of hCG, which lowered basal activin ␤B expression, EGF still significantly enhanced ␤B expression and hCG did not seem to suppress the magnitude of the response to EGF (Fig. 9B) . Interestingly, although EGF has been reported to increase follistatin mRNA level significantly in cultured porcine granulosa cells [64] , it suppressed both basal and hCG-stimulated follistatin expression in the zebrafish ovary. The inhibition of basal follistatin expression by EGF was not as prominent as that of hCG-induced expression because of the extremely low basal expression of the gene in cultured follicle cells (Fig. 9C) .
DISCUSSION
In the present study, we cloned a full-length cDNA of EGF from the zebrafish ovary. To our knowledge, this represents the first in nonmammalian vertebrates. Although the amino acid sequence of zebrafish EGF precursor is slightly shorter than its mammalian counterparts, the arrangement of seven EGF-like motifs and mature EGF peptide is similar to those in mammals. The overall sequence homology of EGF precursor between zebrafish and mammals is not high [4, 5, 55] ; however, the homology is higher over the seven EGF-like motifs and mature EGF peptide with the first EGF-like motif near the N-terminus showing the highest homology (66%) with that of mammalian molecules. The cysteines in each EGF-like motif and mature EGF are fully conserved. The biological functions of the seven EGFlike peptides in EGF precursor remain unknown [65] . Like other EGF family members, such as TGF␣, amphiregulin (AR), and heparin-binding EGF-like growth factor (HB-EGF) [66] , zebrafish EGF precursor also contains a hydrophobic transmembrane domain, suggesting that the protein is probably anchored on the plasma membrane before EGF is released by cleavage.
In addition to EGF, we also cloned a full-length cDNA coding for EGFR from the zebrafish ovary together with several truncated forms of EGFR. In comparison with EGF, zebrafish EGFR shares relatively higher homology with human and chicken EGFR [57, 60] . Interestingly, all the truncated forms of EGFR (EGFR15, 12, and 8) code for the extracellular ligand-binding domains, and they are likely released as free proteins. The functions of these truncated forms of EGFR remain unknown. Because various truncated forms of EGFR containing the extracellular domains have also been reported in chickens, rodents, and humans [67] , the finding of similar molecules in fish strongly suggests that they may play critical biological roles in vertebrates. One possibility is that the secreted extracellular fragments of EGFR may serve as EGF-binding proteins to fine tune the diverse biological activities of EGF or EGF-related ligands in various tissues, as suggested by their wide spatial distribution in zebrafish body.
In contrast with EGF in mammals, where it is abundantly expressed in the submaxillary gland of male mouse and the kidney with much less expression in the gonads [62, 63] , EGF in the zebrafish exhibited distinct expression patterns among the tissues examined. Interestingly, the ovary and testis were the predominant sites of EGF expression in the zebrafish, whereas the kidney had a much lower mRNA level, strongly implicating EGF in the regulation of reproduction in fish. In contrast, EGFR and its truncated forms exhibited more ubiquitous expression in different tissues except the liver, suggesting diverse roles for EGF in multiple sites in addition to the gonads.
In mammals, although there have been studies demonstrating the expression of EGF and EGFR in the ovary [10-12, 68, 69] follicles and the theca cells as well in humans [12] . However, Maruo et al. [10] reported no immunostaining for EGF and EGFR in the primordial follicles. The staining for EGF and EGFR appeared first in the oocytes of preantral follicles followed by the granulosa and theca interna cells of the antral follicles. The signal in the oocytes increased as the follicles reached the pre-ovulatory stage [10] . In the zebrafish, the present study demonstrated that EGF was highly expressed in the previtellogenic ovary of sexually immature fish and its expression showed a declining trend with the development of the ovary. This temporal pattern of expression during ovarian development was further supported by the stage-dependent expression pattern of EGF in the follicles isolated from sexually mature fish. EGF had relatively higher expression levels in the previtellogenic and early vitellogenic follicles than the later stages. In contrast, the expression of EGFR did not follow the pattern of EGF during ovarian and follicle development; it was very low in the ovary of immature fish but increased significantly with the onset of vitellogenesis in the ovary and remained high in the late stages of ovarian development. This was again consistent with its expression pattern in isolated follicles. The discrepancy between the temporal patterns of EGF and EGFR expression seems perplexing; however, it is not too surprising in view of the fact that EGFR is also activated by several other EGF-like ligands, such as TGF␣. The expression of EGFR in the zebrafish ovary agrees with a previous report in the goldfish that a single class of high-affinity binding sites for EGF exists in the ovarian membrane preparations [33] .
One of the exciting findings of the present study was the localization of EGF and EGFR expression in different functional compartments of the follicle, i.e. the oocyte and the follicle layer surrounding the oocyte. Although EGF was expressed in both follicle cells and oocytes, it is noteworthy that its expression level in the oocytes was significantly higher. In contrast, EGFR was exclusively present in the follicle cells, with little signal detected in the oocytes. This information provides important clues to the potential role of EGF in the intrafollicular communication between the oocyte and follicle cells and has led us to hypothesize that the oocyte-derived EGF may act as a paracrine or juxtacrine factor to signal the surrounding follicle cells that abundantly express its receptors (Fig. 10) . This hypothesis needs to be further tested at the protein level and confirmed by functional studies in the future. Interestingly, a similar phenomenon has also been reported in other model organisms, including invertebrates, suggesting fundamental roles for such a mechanism in controlling follicle and oocyte development. In the chicken, EGF has been localized to the germinal disc (GD) of the oocyte right under the oolemma by immunocytochemical staining [70] . Further evidence indi- [35, 41, 44, [52] [53] [54] , and the pathways in dotted lines need to be experimentally elucidated. LH (hCG) stimulates Act␤A and FS expression through the cAMP-PKA pathway, but suppresses Act␤B through a cAMP-dependent but PKA-independent pathway. However, EGF from the follicle cells and oocyte increases the expression of both Act␤A and Act␤B, but inhibits that of FS. The activin from the follicle cells may act directly on the oocyte because its entire signaling system, including receptors and intracellular signaling molecules (Smads), is expressed in the oocyte. AC, Adenylate cyclase; DHP, 17␣,20␤-dihydroxy-4-pregnen-3-one; PDE, phosphodiesterase; PKA, protein kinase A; ϩ, stimulation; Ϫ, inhibition.
cated that the GD of chicken oocyte seemed to secrete EGF that stimulated proliferation of the overlying granulosa cells in a paracrine manner [71] . In Drosophila, an EGF motifcontaining TGF␣-like ligand, Gurken (Grk), is also a membrane-bound protein exclusively expressed in the oocytes [72] . After cleavage, the released Grk signals the surrounding follicle cells by binding and activating Drosophila orthologue of EGFR [73] , and one of the responses to the oocyte-derived Grk is the guided migration of special follicle cells (border cells) during oogenesis, an event essential for female fertility [74] . In mammals, there have also been reports that EGF/TGF␣ and EGFR are expressed in both the somatic follicle cells and oocytes, but the results from different studies in different species are somehow confusing and inconsistent [10, 12, 68, 69, 75, 76] . A recent study demonstrated that co-incubation with denuded bovine oocytes suppressed FSH-induced secretion of steroids and inhibin family members from the granulosa cells, and these effects could be mimicked by TGF␣, suggesting a TGF␣-mediated paracrine regulation of the granulosa cells by the oocytes [77] .
The unique spatiotemporal patterns of EGF and EGFR expression in the zebrafish ovary immediately raise a question about the role of EGF in controlling follicle development and function as well as its relationship with endocrine hormones such as gonadotropins and other ovarian factors in fish. In the goldfish, EGF has been reported to stimulate follicle cell proliferation, and its effect was more effective in the vitellogenic follicles than the late full-grown immature follicles [31] . A similar effect of EGF has also been reported in cultured chicken granulosa and theca-interstitial cells from the follicles of early stages [27, 28] . These results suggest that EGF expressed in the early follicles may be related to the active proliferation of the follicle cells. In the late stages of follicle development, EGF has been demonstrated to promote oocyte maturation in the goldfish [33] and zebrafish [35] , and its effect appears to involve de novo mRNA transcription and translation [35] . EGF also seems to be a powerful inhibitor of apoptosis in the follicles or follicle cells in both fish [32] and mammals [20, 78, 79] .
We have recently demonstrated that human EGF and TGF␣ both promote zebrafish oocyte maturation in vitro and their effects can be completely blocked by follistatin, a potent binding protein for activin, suggesting a role for the ovarian activin system in the regulatory pathway of EGF [35] . This hypothesis is supported by the evidence from the present study that EGF significantly stimulated activin ␤A and ␤B but suppressed basal and hCG-stimulated follistatin expression in cultured zebrafish follicle cells. The stimulation of activin ␤A by EGF was more powerful than that by hCG. Consistent with our previous finding that hCG inhibits activin ␤B expression in the zebrafish ovary [53] , hCG significantly reduced basal expression of activin ␤B in the present study; however, hCG did not seem to affect the stimulatory effect of EGF on activin ␤B expression, although the overall level was lower in the presence of hCG because of the reduced basal expression. The inhibition of hCG-induced follistatin expression by EGF in the zebrafish is similar to a report in the rat that EGF inhibited FSH-stimulated follistatin expression in cultured granulosa cells [80] , but it is different from other studies in mammals. EGF stimulates follistatin expression in cultured porcine granulosa cells [64] and rat renal mesangial cell line [81] . It has been demonstrated in mammals that, when applied together, EGF is capable of decreasing the gonadotropin-induced cAMP level in cultured rat granulosa cells or luteal membrane [22, 82] . Therefore, the possibility exists that the inhibition of hCG-induced follistatin expression by EGF in the zebrafish is due to a decrease of hCGinduced intracellular cAMP level, which we have shown to enhance follistatin expression in cultured zebrafish ovarian follicle cells [52] .
Recently, we have demonstrated that activin ␤A and ␤B are both predominantly expressed in the somatic follicle cells, whereas the entire activin signaling system, including its receptors (types I and II), and intracellular signaling molecules (Smad2, 3, 4, and 7) is abundantly expressed in the oocytes. These results suggest a messenger role for activin from the follicle cells to signal the oocyte [41] . The expression of EGF in the oocyte and its potent effects on the expression of activin subunits and follistatin in the follicle cells may represent a reciprocal intrafollicular communication mechanism by which the oocyte influences the functionality of the surrounding follicle cells. It would be of particular interest to examine if activin has any effect on the expression of EGF in the oocyte.
In summary, we have cloned EGF, EGFR, and several truncated forms of EGFR from the zebrafish ovary. Zebrafish EGF exhibited distinct tissue distribution compared with that in mammals in that its expression was the highest in the ovary and testis, which strongly implicates EGF in the regulation of fish reproduction. EGF and EGFR also showed distinct patterns of expression during ovarian development and among developing follicles. Within the follicle, EGF was found to be expressed abundantly in the oocyte whereas EGFR was exclusively expressed in the follicle cells, suggesting a potential mechanism for EGF to signal the follicle cells by the oocyte. To provide evidence for our previous hypothesis that the ovarian activin system is likely a downstream mediator of EGF signaling in the zebrafish ovary, the present study further examined the effects and interactive effects of EGF and hCG on the expression of ovarian activin/follistatin system in the follicle cells. Recombinant human EGF induced activin ␤A and ␤B expression but suppressed basal and hCG-induced follistatin expression in cultured zebrafish ovarian follicle cells (Fig. 10) .
